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The exchange bias effect is commonly used to shift the coercive field of a ferromagnet. This technique is 
crucial for the use of magnetic tunnel junctions as logic or memory devices. Therefore, an independent 
switching of the two ferromagnetic electrodes is necessary to guarantee a reliable readout. Here, we demon¬ 
strate that the intrinsic exchange bias effect of Ni-Mn-Sn can be used to apply a unidirectional anisotropy 
to magnetic tunnel junctions. For this, we use epitaxial Ni-Mn-Sn films as pinning layers for microfabricated 
CoFeB/MgO/CoFeB magnetic tunnel junctions. We compare the exchange bias field (Heb) measured after 
field cooling in — lOkOe external field by magnetization measurements with Hbb obtained from tunnel mag¬ 
netoresistance measurements. Consistent for both methods we find an exchange bias of about Heb = 130 Oe 
at 10 K, which decreases with increasing temperature and vanishes above 70 K. 

PACS numbers: 81.30.Kf, 75.70.-i, 75.30.Et, 85.30.Mn 


The exchange bias effect (EB) describes a unidirec¬ 
tional magnetic anisotropy resulting in a shift of the mag¬ 
netic hysteresis along the direction of the applied field. 1 
It is observed in structures with interfaces between ferro¬ 
magnetic (FM) and antiferromagnetic (AFlphases, e.g. 
thin film structures with FM and AF layers.® EB is com¬ 
monly used to pin magnetic electrodes in magnetic tunnel 
junctions (MTJs). The magnetic shape memory Heusler 
compounds Ni-Mn-X (X= Sn, In, Sb) show an intrinsic 
EB in the martensitic state at low temperature caused by 
FM and AF regions in the material.®® Accordingly, these 
compounds are promising candidates for pinning ferro¬ 
magnetic electrodes of MTJs without the commonly used 
antiferromagnets, Mnlr and MnPtP" 9 Replacing these 
materials in industrial applications is desirable because 
of the rarity and high cost of iridium and platinum. Here, 
we present how Ni-Mn-Sn thin films can serve as pinning 
layer in CoFeB/MgO/CoFeB MTJs and thus, show the 
technological applicability of the EB of Ni-Mn-X Heusler 
compounds. Since Ni-Mn-Sn is magnetic and shows an 
intrinsic EB, in principle it could serve as pinning layer 
and magnetic electrode at once. Nevertheless, we use 
CoFeB electrodes because they are well established 1 ® an( j 
the spin-polarization of Ni-Mn-Sn is small, which is un¬ 
favorable for electrodes in MTJsJ 11; 

The samples were fabricated by magnetron sputtering 
and subsequent e-beam lithography. In a first step we de¬ 
posit the 200 nm thick Nis 2 Mn 34 Sni 4 layer on MgO(OOl) 
substrates by co-sputtering from elemental targets as de¬ 
scribed in Ref. M The substrate temperature during 
the deposition was 650° C. After the deposition process 
the samples are cooled to room temperature and the ad¬ 
ditional layers Co 4 oFe 4 oB 2 o/MgO/Co 4 oFe 4 oB 2 o/Ta/Ru 
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FIG. 1. Sketches of the layer system: (a) as deposited (sam¬ 
ple A), (b) etched (sample B), and (c) after annealing and 
nanofabrication (sample C). 


were deposited with film thicknesses as shown in 
Fig. [lja) . This ”as deposited” sample is referred to as 
sample A. 

So as to get a single Ni 52 Mn 3 4 Sni 4 layer as reference 
sample the upper layers of sample A were removed by 
Ar ion beam etching while the progress is monitored by 
secondary ion mass spectrometry. Hereby, we obtain a 
196 nm thick Ni-Mn-Sn layer on MgO substrate denoted 
as sample B (cf. Fig. [lib)). The film thickness of Ni-Mn- 
Sn was checked by X-ray reflectometry measurements. 

In order to prepare the MTJs for tunnel magnetore¬ 
sistance (TMR) measurements sample A is annealed 
at 350° C for one hour for proper crystallization of 
the CoFeB electrodesP® Afterwards ellipsoidal MTJs 
(300 nm x 180 nm) were patterned out of the layer stack 
by e-beam lithography and subsequent Ar ion milling. 
The ion milling was stopped right below the lower CoFeB 
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layer in order to keep the Ni-Mn-Sn film intact. This 
is necessary because the crystallite size of shape mem¬ 
ory materials has a high impact on the transformation 
characteristics and the martensitic transformation can be 
impeded in too small crystalsThe MTJs were insu¬ 
lated by Ta 2 C >5 and equipped with Ta/Au contact pads 
by RF and DC magnetron sputtering. This annealed and 
patterned sample is referred to as sample C and the final 
layer structure is sketched in Fig. |ljc) . 

Composition and crystal structure of the Ni-Mn-Sn 
layer were examined by energy dispersive X-ray spec¬ 
troscopy and X-ray diffraction measurements, respec¬ 
tively. We observe crystallization in L2i structure and 
epitaxial growth with the relation MgO(001)[110]||Ni- 
Mn-Sn(001)[100]. 17 1 The magnetization was studied us¬ 
ing a vibrating sample magnetometer (Quantum Design 
PPMS) with in-plane applied magnetic field. TMR was 
measured using common 2-probe method with a constant 
100 mV DC bias voltage and a Cryogenic Fie cryostat sys¬ 
tem where the external field is applied along the major 
axis of the ellipsoidal MTJs. The resistance-area prod¬ 
uct of the tunnel junctions in parallel configuration is 
RA= 3.0(6) kfl pm 2 , which is in good agreement with 
other reports on CoFeB/MgO/CoFeB MTJsP Ni-Mn-Sn 
is known to show sizable resistance c hanges i n depen¬ 
dence of temperature and magnetic field LL41MI2I However, 
those are part of the lead resistance, which is three to four 
orders of magnitude smaller than the junction resistance, 
and thus, can be neglected. 

In order to determine the magnetic properties and 
martensitic transformation of the Ni-Mn-Sn the temper¬ 
ature dependence of the magnetization was studied. The 
magnetization values given in the paper are the measured 
magnetic moments normalized with the total volume of 
magnetic material (205 nm thickness for sample A and 
196nm for sample B). Fig. [2ja.) shows the magnetization 
versus temperature for samples A and B in field cooling 
(FC) and field heating (FH), and (for sample A) dur¬ 
ing heating after cooling the sample in zero magnetic 
field (ZFC) measured in low external field. Apart from 
the overall higher magnetization of sample A due to the 
CoFeB layers, samples A and B show the same temper¬ 
ature dependence. The distinct drop of the magnetiza¬ 
tion upon cooling results from the martensitic transfor¬ 
mation. For Ni-Mn-Sn, the magnetization of marten¬ 
site is lower than that of austenite. The reason for the 
magnetization change is a change in the alignment of 
magnetic moments of the Mn atoms on Mn sites (Mni) 
and Mn atoms on Sn sites (Mn 2 ), which are known to 
couple antiferromagnetically in austenite and martensite. 
However, due to changed lattice constants the antiferro¬ 
magnetic coupling between Mni and Mn 2 is strength¬ 
ened in the martensite ESHSS] qq ie martensitic transfor¬ 
mation temperature and Curie temperature of the Ni- 
Mn-Sn are Tm = 257 K and Tq = 316 K, respectively, 
determined from inflection points of the FC magnetiza¬ 
tion curve. Above Tq the magnetization of sample A 
drops to 27 emucm~ 3 . This remaining magnetization re- 
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FIG. 2. Magnetization measurements of samples A and B (cf. 
Fig. 0a) and Fig. [ljb) : (a) M(T ) curves at 100 Oe applied 
field. The FC (solid black line) and FH (solid red line) curves 
of sample A envelop a thermal hysteresis due to the marten¬ 
sitic transition. The FH and ZFC (dashed red line) curves 
are split at low temperature. The martensitic transforma¬ 
tion temperature Tm and Curie temperature Tc of Ni-Mn-Sn 
are indicated by arrows. FC and FH curves of sample B are 
shown as blue lines, (b)-(f) M(H) curves after field cooling 
at -lOkOe of samples A (red line) and B (blue line). The EB 
leads to a shift of H c i and H c 2 in positive field direction at 
low temperature. 


suits from the CoFeB, which has a higher Curie tempera¬ 
ture. The splitting between the ZFC and FC curve orig¬ 
inates from the coexistence of ferromagnetic and antifer¬ 
romagnetic regions at low temperatu res in the martensite 
phase, which is the basis for the EB! 23 * 24 * 

Commonly, the intrinsic EB in Ni-Mn-Sn is determined 
via isothermal magnetization curves at low temperature 
after cooling the specimen in an external magnetic field. 
Fig. [2](b)-(f ) depict the magnetic hysteresis loops of sam- 
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pies A (red lines) and B (blue lines) after field cooling to 
10 K in -lOkOe external field. From Fig. [2jb) and (c) it 
is clearly visible that at low temperatures the magnetic 
hysteresis is shifted and the positive coercive field H c \ is 
larger than the negative coercive field H c2 . The exchange 
bias field is defined as Heb = (H c i+H c2 )/2. Above 80K 
(Fig. [gd) -(e) the curves are symmetric and Heb = 0. 
Above Tq (cf. Fig. if)) the magnetization of sample B 
is small and sample A mainly shows the magnetization of 
CoFeB. The saturation magnetization (Ms) of CoFeB ap¬ 
pears too small, because the magnetic moment is normal¬ 
ized using a film thickness of 205 nm as described above. 
Considering only 5nm leads to Ms = 1150 emu cm -3 for 
CoFeB, which coincides well with the literature. 25 

Sample A shows aside from higher magnetization also 
lower coercive fields and lower Heb than sample B caused 
by the presence of CoFeB, which itself has low coercivity 
as seen in Fig. [ 2 ] However, from the M(H) curves in 
Fig. [2]separate magnetic switching of one or both CoFeB 
layers is not observed. Thus, all magnetic layers are fer- 
romagnetically coupled in the unpatterned sample A: the 
lower CoFeB layer by the direct contact to the Ni-Mn-Sn 
and the upper layer most likely through pinholes in the 
MgO barrier. 

In the following, the EB is determined from TMR mea¬ 
surements using sample C. Fig. [3] shows the TMR ratio 
defined as TMR = (R — R p )/R p versus external field. 
R p denotes the resistance at parallel alignment of both 
CoFeB electrodes, i.e. the resistance at high applied field. 
Hereby, the EB is defined as U™ R = (H m 1 + H m2 )/ 2 
and deduced from H m 1 and H m2 , which denote the exter¬ 
nal fields of maximum TMR in increasing and decreasing 
field, respectively. The exchange bias effect at low tem¬ 
perature is clearly visible from Fig. [3|a) and (b) since 
H m i > \H m2 \ and vanishes above 80K (Fig. Htc)-(f)) in 
analogy to Fig. [2jb) and (f). 

Below Tq (Fig. [3](a) -(e)) the curves are asymmetric 
and show spikes of maximum TMR with different am¬ 
plitudes under increasing and decreasing external field. 
Furthermore, the TMR amplitude fluctuates around 30% 
and does not show a systematic temperature dependence. 
This is caused by the absence of a fully antiparallel state 
of the magnetic electrodes and is contrary to the situa¬ 
tion above Tc (Fig. [3](f )) where symmetric curves with a 
plateau of maximum TMR are observed. The resistivity 
change occurs in multiple steps, which reflect Barkhausen 
jumps of domain walls in the upper CoFeB electrode and 
the lower electrode, which is a Ni-Mn-Sn/CoFeB bilayer 
below Tc and CoFeB above Tq- Since the Ni-Mn-Sn layer 
was left intact during the patterning process the mag¬ 
netic domains go beyond the MTJs and are not pinned 
by their geometry. This causes a random influence on the 
shape of the TMR curves below To Barkhausen jumps 
are not observed in the M(H) curves in Fig. [ 2 ] because 
the relevant sample area (several square millimeters) is 
much larger than the domain size, which is apparently 
not the case for the MTJs. 

The plateau of maximum TMR at 340 K around 



-1000 0 1000 -500 0 500 



FIG. 3. TMR curves measured using sample C at 100 mV 
bias voltage after field cooling at -lOkOe. Black and green 
lines are measured under increasing and decreasing field, re¬ 
spectively. At low temperature the EB is visible ((a) and 
(b)). (f) shows the TMR for paramagnetic Ni-Mn-Sn where 
the TMR curve is symmetric. 


H ext = 0 is caused by AF coupling of the magnetic elec¬ 
trodes. This can be explained by magnetostatic coupling 
of the CoFeB layers induced by uncompensated magnetic 
poles at the edges of the electrodes.® Below Tq at zero 
applied field the alignment of the magnetic electrodes is 
only partly AF. The remanence of Ni-Mn-Sn is smaller 
than its saturation magnetization (cf. Fig. [2jb)-(f)) and 
the AF coupling of the CoFeB electrodes is apparently 
to weak to fully align the magnetization of Ni-Mn-Sn 
belowP 

The quite modest TMR amplitudes of maximum 34% 
despite our choice of CoFeB as magnetic electrode ma- 
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FIG. 4. Temperature dependence of the EB after field cool¬ 
ing at -lOkOe. (a) H c i, H c 2 , and Heb determined from mag¬ 
netization measurements of samples A (red symbols) and B 
(blue symbols). The black line is a guide to the eye and iden¬ 
tical in (a) and (b). (b) H m 1 , 77 m2 , and Heb determined from 
TMR curves using sample C. 


curves exhibit Barkhausen noise. This acts as a random 
influence on H m 1 and H m2 and can be of the same order 
of magnitude as the exchange bias which leads to a very 
small Heb at 20 K and a negative Heb at 60 K. Never¬ 
theless, it is clearly visible from Fig. |4|a) and (b) that 
Heb has the same magnitude and temperature depen¬ 
dence for the samples A and C. So, the intrinsic EB of 
Ni-Mn-Sn can be observed in TMR measurements. 

In summary, we investigated the exchange bias effect 
of MgO(substrate)/Ni-Mn-Sn/CoFeB/MgO/CoFeB and 
MgO (substrate)/Ni-Mn-Sn thin film structures after field 
cooling by two different methods: direct magnetization 
measurements and TMR measurements. Magnetization 
measurements are used to quantify the intrinsic EB of 
the Ni-Mn-Sn layer and the influence of the magnetic 
moment of the thin CoFeB layers. TMR measurements 
are sensitive to the interaction between the Ni-Mn-Sn 
layer and the CoFeB tunnel electrodes. Since we have 
shown a comparable EB effect in MTJs and magnetiza¬ 
tion measurements, we conclude that epitaxial Ni-Mn-Sn 
thin films can serve as pinning layers in these devices. 
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H C 2 . As mentioned earlier, below Tq the measured TMR 
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